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Supercritical water (SCW) as a highly destructive environ-
ment has been utilized to open multiwall carbon nanotubes
(MWNTs) and to break silver aggregates into nanoparticles
(diameter 2–20 nm). Water was drawn into open-ended
MWNTs by capillary suction, pulling Ag nanoparticles into
the MWNTs. The Ag nanoparticles (solid), presumably
transported in the nanochannels of MWNTs by the fluidity
of SCW, stacked, and fused to form nanorods, suggesting
SCW associated with MWNTs (hollow interior) might be
exploited as a nanoreactor.
Carbon nanotubes1 (CNTs) have attracted interest not only for
their unusual electrical and mechanical properties, but also for
their potential use in nanofluidic devices owing to their hollow
interior.2 Understanding the behavior of fluids in nanochannels
of CNTs is important for efficient design and operation of
micro- and nanofluidic devices.3,4 The wetting and capillarity
studies of CNTs demonstrate that only relatively low surface
tension materials, e.g. water and organic solvents (surface
tension at 100–200 mN m21), can be drawn into nanotubes to
wet and fill the interior of CNTs.5,6 Recently, supercritical
fluids have received much attention as novel and clean media.7,8
SCW is an ideal replacement for organic solvents because water
is the most environmentally acceptable and affordable of
solvents. At room temperature, water is organized as tetrahedral
units of five molecules linked by hydrogen bonds. With rising
temperature and/or reduction in density, a part of the hydrogen
bonds fails to survive. Most of the dominant order is lost. The
remaining structures are linear with bifurcated chains of H-
bonded water molecules, which can be regarded as parts of
broken tetrahedrals in supercritical conditions.9
Recently, several molecular dynamics simulations10–12 have
focused on the water–CNTs system. Hummer et al.10 in their
simulation studies indicated introduction and transport of water
through the interior channels of CNTs in bursts with collective
water motion. The presence of SCW,13 and a new ice phase11
encapsulated in CNTs were also reported. However, experi-
mental proof of water drawn into CNTs is sparse, despite
extensive theoretical studies showing water transport through
the interior channels of CNTs.
We have taken advantage of the destructive environment of
the SCW medium to break silver (Ag) aggregates into
nanoparticles (diameter 2–20 nm) and to open multiwall carbon
nanotubes (MWNTs),14 which creates an alternative approach
to the incorporation of Ag nanoparticles. These phenomena led
us to study Ag nanoparticles transport in nanochannels of
MWNTs.
The MWNTs were prepared by DC electric-arc discharge
method. The experimental apparatus14 consisted of a pumping
system and a 316 stainless steel reaction cell (10 mL), which
was used to incorporate Ag nanoparticles into MWNTs. For the
thermal decomposition of Ag2O, 10 mg Ag2O was placed in the
reaction cell and heated at a temperature of 500 °C for 60 min
in an argon atmosphere. Subsequently, the reaction cell was
allowed to cool to room temperature. Then, 20 mg MWNTs
were loaded into the reaction cell for opening and filling. A
high-pressure liquid chromatograph pump was used to pump
deionized water into the reaction cell at the desired temperature
(450 °C) until an operating pressure of 27.5 MPa was attained.
The reaction proceeded under the above conditions for 20 (or 40
min). After each experiment, the products in the reaction cell
were collected in a beaker by pumping water into the reaction
cell followed by purging with argon gas. Ag nanomaterials were
separated from the water by centrifugation and washed with
methanol. The products were dispersed in methanol in an
ultrasonic bath. The suspensions were then dropped onto Cu
grids coated with lacy carbon films. The ultra structure of the
MWNTs was examined using a transmission electron micro-
scope (TEM) (Philips, Tecnai 20) at an operating voltage of 200
kV.
Fig. 1a shows typical TEM images of the Ag nanoparticles
attached on MWNTs in SCW (27.5 MPa, 450 °C, and 20 min).
Ag2O is known to be thermal-labile at temperatures exceeding
227 °C, and dissociates to yield Ag and O2.15 Ag nanoparticles
formed due to the highly destructive environment of SCW,
which broke up the silver aggregates, are in the form of round
dots stuck on the surface of MWNTs. The average particle size
of Ag after SCW treatment was from 2 to 20 nm (Fig. 1b). The
presence of only Ag was supported by the energy dispersive X-
ray spectroscopy (EDS) spectrum shown in Fig. 1c and the
selected area electron diffraction (SAED) pattern (Fig. 1d)
showing diffused diffraction rings and their assignment based
on the International Centre for Diffraction Data file
#03–0931.
Fig. 2 outlines the proposed scheme for the transportation of
the Ag nanoparticles into the nanochannels of MWNTs in SCW.
The oxidation initiated at the pentagonal ring, owing to less
steric conjectures and greater angular strain, generated open tips
of MWNTs in SCW.14 Kalinichev et al.16 proposed that most of
the water molecules in SCW are in linear conformation.
† Electronic supplementary information (ESI) available: Fig. S1. Ag
nanoparticle drawn into MWNTs showing characteristic lattice fringes. See
http://www.rsc.org/suppdata/cc/b3/b306540e/
Fig. 1 (a) TEM image of Ag nanoparticles associated with MWNTs in SCW
(27.5 MPa, 450 °C and 20 min); (b) well-dispersed Ag nanoparticles formed
under similar SCW condition; (c) EDS of Ag nanoparticles; (d) SAED
pattern showing diffused rings comparable to FCC silver metal.
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Additionally, Soper et al.17 in their neutron diffraction study
indicated that hydrogen bonding decreased under supercritical
and sub-critical conditions. Based on the above simulation
studies, we estimate that in our experimental conditions, the
water clusters consist of four water molecules linearly arranged
with intramolecular H–O distance ~ 2 Å. Briefly, the
dimension of water cluster is less than 1 nm, which is much
smaller than the diameter of the opened MWNTs. The TEM
image (Fig. 3a) shows opening of a MWNT at the tip end under
SCW treatment and the squeezing of an Ag nanoparticle
through the tip. The water cluster is presumably drawn into
open-ended MWNTs by capillary suction and perturbation
outside the ends of MWNTs as shown in Fig. 3b. TEM revealed
Ag nanoparticles in the MWNTs. The theoretical work of
Hummer et al.10 has shown pulse-like transmission of water
through the nanotubes. During the bursts, the water chains
moved along the hydrophobic wall of CNTs. Marti et al.13 in
their molecular dynamics simulations studies also reported the
reorientational motions of SCW inside CNTs. These studies
indicated that SCW molecules might push and transport Ag
nanoparticles in the nanochannels of MWNTs.
The high temperature and pressure condition under SCW not
only assists the transportation of Ag nanoparticles but also the
crystallization of Ag nanoparticles in MWNTs. The enlarged
portion of Fig. 3b shows that the surface of the Ag nanoparticles
inside MWNTs is well-defined (Fig. 3c). That means the
original Ag nanoparticles (solid) in the form of round dots stuck
on the surface of MWNTs, entered the MWNTs and stacked
together to form crystalline nanoparticles. The crystalline nature
of the Ag nanoparticle can be visualized from the characteristic
lattice fringes (Fig. S1†). Additionally, the fluidity and shear
forces of SCW leading to peeling of the inner MWNTs sheets,
is clearly evident from the slits (0.48 nm) between Ag
nanoparticle and MWNTs. The resultant graphite layers of 8
(indicated as A), 10 (indicated as B) and 6 (indicated as C)
supported this speculation. The elongated crystallites were also
identified by EDS as Ag nanorods. The length of Ag nanorods
confined in MWNTs increased with increasing reaction time
from 20 to 40 min and were ~ 15 nm long as in Fig. 3d.
The significance of the current investigation is twofold. First
of all, we have experimentally demonstrated that the Ag
nanoparticles (solid) are transported by the fluidity of SCW,
stacked, fused to form nanorods, and crystallize in MWNTs,
unlike earlier reports where acidic or aqueous solutions of
metals were used for filling. Secondly, the use of SCW medium
provides a new avenue for transportation of Ag nanoparticles
and formation of Ag nanorods. Further, replacing Ag with
catalysts, the hollow interior of MWNTs with SCW as solvent
medium could be exploited as nanoreactors.
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Fig. 2 Transportation of Ag nanoparticles in a nanochannel of a MWNT in
SCW.
Fig. 3 (a–c) TEM image of Ag nanoparticles incorporated into MWNTs
under SCW condition (27.5 MPa, 450 °C and 20 min). (d) TEM image of Ag
nanorod formation in MWNTs in SCW (27.5 MPa, 450 °C and 40 min).
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